To improve the efficiency of the transfection, it is essential to elucidate the mechanism not only as to how exogenous DNA is taken up and transported to the nucleus, but also how DNA degrades, since inhibition of the degradation of exogenous DNA could contribute to the enhancement of transfection efficiency, as well as facilitation of the nuclear translocation. Liposome-DNA complex is taken up by endocytosis, and the internalized DNA is released from endosomes by their acidification. [8] [9] [10] However, the details of intracellular events during lipofection are still unknown. Although many lines of evidence suggest that microtubules are responsible for the intracellular trafficking of materials internalized by endocytosis, 11,12 no direct observation as to how microtubules are involved in the intracellular dynamics of exogenous liposome-DNA complex has been reported. In the present study, therefore, we undertook simultaneous visualization of lipo- some-DNA complexes and microtubules in living cultured cells, and showed that microtubules are involved in the intracellular transport of the exogenous liposome-DNA complex.
Among various methods for gene transfection, lipofection using cationic liposomes is considered to be a promising way to deliver foreign gene to the target cells. Quite a few cationic liposomes for lipofection have been developed, [1] [2] [3] since efficient vectors such as DOTMA (Lipofectin) 4 and DC-Chol 5 have been reported. To increase efficiency, we recently introduced novel cationic liposomes into this field. The new cationic liposomes with a cationic cholesterol derivative containing hydroxy amino head group, 3β[N-(2-hydroxyethylaminoethane)-carbamoyl]-cholestene (HyC-Chol), has greater efficiency than DOTMA and DC-Chol. 6, 7 To improve the efficiency of the transfection, it is essential to elucidate the mechanism not only as to how exogenous DNA is taken up and transported to the nucleus, but also how DNA degrades, since inhibition of the degradation of exogenous DNA could contribute to the enhancement of transfection efficiency, as well as facilitation of the nuclear translocation. Liposome-DNA complex is taken up by endocytosis, and the internalized DNA is released from endosomes by their acidification. [8] [9] [10] However, the details of intracellular events during lipofection are still unknown. Although many lines of evidence suggest that microtubules are responsible for the intracellular trafficking of materials internalized by endocytosis, 11, 12 no direct observation as to how microtubules are involved in the intracellular dynamics of exogenous liposome-DNA complex has been reported. In the present study, therefore, we undertook simultaneous visualization of lipo- some-DNA complexes and microtubules in living cultured cells, and showed that microtubules are involved in the intracellular transport of the exogenous liposome-DNA complex.
In order to investigate the contribution of microtubules to the transport of exogenous DNA and liposomes, we tested the effects of nocodazole and taxol on transfection efficiency in COS-7 cells by luciferase assay. For transfection with luciferase plasmids using cationic lipids, pGL3 (Promega, Madison, WI, USA) were complexed with liposomes consisting of DOPE (dioleoylphosphatidylethanolamine; Avanti Polar Lipids, Alabaster, AL, USA) and HyC-Chol (DOPE:HyC-Chol = 2:3 (mol/mol)) to form liposome-DNA complexes. Liposome-DNA complexes were incubated with the cells for 4 h at 37°C, and then the cells were washed and cultured in DMEM for another 24 h at 37°C, followed by a luciferase assay. When cells were treated with nocodazole, which disrupts microtubules, the efficiency of transfection increased dose-dependently and about doubled at 10 m, as shown in Figure 1a . Taxol, which stabilizes microtubules, also enhanced transfection efficiency in a dose-dependent manner (Figure 1b) . The concentrations at which these reagents had effects were within the range of their working concentrations to affect microtubules specifically. Therefore, the results suggest that modification of the polymerization states of microtubules changes the efficiency of gene transfection. To examine the possibility that these reagents increased the ability of cells to interact with exogenous liposome-DNA complexes, cells were incubated with the liposome-DNA complexes containing NBD-PE (N- ethanolamine; Molecular Probes, Eugene, OR, USA), and cells bearing NBD fluorescence were detected by flow cytometry at 4 h. As shown in Figure 1c , neither nocodazole nor taxol changed the amount of liposome-DNA complexes loaded in COS-7 cells. This is consistent with a previous report concluding that actin, not the microtubules, is responsible for the initial binding and uptake by endocytosis, 13 and suggests that these two reagents enhanced the transfection efficiency by modifying the intracellular trafficking of exogenous DNA and liposomes. Thus, we investigated the intracellular dynamics of cationic liposome-DNA complex and the distribution of microtubules in COS-7 cells.
To visualize the distribution of liposomes and DNA introduced as liposome-DNA complexes, DNA and liposomes were labeled with FITC and rhodamine, respectively. Figure 2 shows the distribution DNA and liposomes at 4 h after incubation of COS-7 cells with liposome-DNA complexes. Liposomes and DNA were colocalized in the cytoplasm and extracellular medium, while only DNA was found in the nucleus. This suggests that internalized liposome and DNA are transported as a complex in the cytoplasm, and DNA is released from liposomes to enter the nucleus. To investigate the spatial
Figure 4 Effects of nocodazole and taxol on the distribution of tubulin, liposomes and lysosomes. (a) Tubulin and liposomes were stained as in Figure 3. Cells were pre-incubated with nocodazole (upper images) or taxol (lower images). In cells treated with nocodazole, the filamentous structures of microtubules disappeared and liposomes were scattered throughout the cytoplasm even at 4 h after transfection. However, in taxol-treated cells, excess polymerization of tubulin gave rise to the formation of several microtubule-rich regions where liposomes were trapped. (b) Lysosomes were stained by LysoTracker Red in a cell expressing YFP-tubulin. Lysosomes (red) were colocalized with MTOC in a control cell (left). In a nocodazole-treated cell, lysosomes were scattered throughout the cytoplasm (middle). Taxol inhibited the concentration of lysosomes in an MTOC region, but lysosomes still resided around the nucleus (right).
correlation between liposome-DNA complexes and microtubules, rhodamine-labeled liposomes complexed with DNA were transferred into COS-7 cell, which expressed YFP-tagged tubulin stably. To establish COS-7 cells that stably express YFP-tubulin, pEYFP-Tub (Clontech, Palo Alto, CA, USA) was introduced by electroporation with a Gene Pulser II (BioRad, Hercules, CA, USA) at 250 V and 950 F, 14 and stable transfectants were selected by incubating with G418 (0.5 mg/ml). Figure 3 shows the distribution of liposome-DNA complexes and microtubules in the cells at 1, 2 and 4 h after incubation with exogenous liposome-DNA complexes. Filamentous structures made of tubulin and the small punctuated structures of rhodamine-labeled liposomes appear green and red, respectively. The microtubules organizing center (MTOC), a focal region of microtubules from which microtubules radiated, is clearly seen. As seen in Figure   Gene Therapy 3, most of the rhodamine-labeled liposomes in the cell appeared yellow at 4 h, indicating colocalization. These images suggest that liposome-DNA complexes moved along microtubules and converged on the MTOC within 4 h after transfection.
The effects of nocodazole and taxol on the distribution of liposome-DNA complexes (red) and microtubules (green) were investigated (Figure 4a ). When cells were treated with nocodazole, filamentous structures of microtubules disappeared and the fluorescence of YFPtagged tubulin was observed uniformly in the cytoplasm. No focal region such as an MTOC was observed. Under these conditions, rhodamine-labeled liposomes were scattered throughout the cytoplasm even at 4 h after transfection, and no localization of liposomes was observed. On the other hand, in taxol-treated cells, microtubules were stabilized and excess polymerization formed densely stained regions. In this case, fluorescence-labeled liposomes were localized in these densely stained regions (Figure 4a, lower images) .
In addition, we investigated the distribution of lysosomes, since lysosomes largely contribute to the degradation of exogenous DNA. To visualize lysosomes, cells were incubated with LysoTracker Red DND-99 (Molecular Probes). As shown in Figure 4b , lysosomes (red) were localized in the region of an MTOC. Considering the distribution of liposomes at 4 h, as shown in Figure 3 , this result suggests that liposomes were transported to lysosomes in 4 h. Nocodazole caused the scattered distribution of lysosomes and no region of concentration, like an MTOC, was observed. Taxol also changed the distribution of lysosomes, but they were limited to the region around the nucleus, being independent of the distribution of microtubules.
As shown in Figure 1 , the efficiency of transfection was enhanced by treatment with nocodazole and taxol. Together with the results of the imaging analysis, we were led to the conclusion that liposome-DNA complexes taken up via endocytosis failed to be targeted to lysosomes by nocodazole and taxol, because it seems implausible that cells with an abnormal distribution of tubulin maintained the ability to transport endosomal vesicles to lysosomes where exogenous DNA is degraded. To test this concept, we observed the distribution of DNA and lysosomes in the presence of nocodazole and taxol. DIC images of cells and fluorescent images of exogenous DNA and lysosome at 4 h are shown in Figure 5 . In a control cell, internalized DNA (green) were translocated either to the nucleus or lysosomes (red) which colocalized in the MTOC region, appearing yellow ( Figure 5, top images) . On the other hand, DNA did not colocalize with lysosomes in either nocodazole-or taxol-treated cells within 4 h after transfection ( Figure 5 , middle and bottom images). Similar results were obtained when liposomes were labeled instead of DNA, although liposomes were not transported to the nucleus. These results mean that nocodazole and taxol inhibited the targeting of endosomes to lysosomes and are consistent with the effects of nocodazole and taxol on transfection efficiency.
In this study, we directly demonstrate the involvement of microtubules in lipofection processes. Our findings suggest that compounds that regulate the polymerization states of microtubules may be used to enhance transfection efficiency by preventing liposome-DNA complexes from degrading in lysosomes. In addition, microtubule inhibitors such as vincristine, 15, 16 and microtubule stabilizers such as taxol, 17 are often used in the treatment of cancer, although the effective concentration of these substances often overlaps their toxic dose range. Since it has been reported that encapsulation of these drugs in liposomes is an effective way to reduce their toxicity, [15] [16] [17] [18] gene delivery using liposomes in the presence of such drugs to treat cancer might be a powerful technique due to the dual effects of gene therapy and chemotherapy.
